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Advent of collective acceleration (1956)

CERN Symposium

ON HIGH ENERGY ACCELERATORS
AND PJON PHYSICS

Geaneva, 11% - 23¢ Juns 1956

Proceedings

COHERENT PRINCIPLE OF ACCELERATION OF CHARGED PARTICLES

V. L. YEKSLER
Electrophysical Labaratory, Academy of Scicnces, Moscow

L

This paper will include a very brief description of a new
principle regarding the acceleration of charged particles.

In all existing accelerators of charged particles, the
constant and warying electric ficld accelerating them is
created by a powerful external source, and hence the
strength of the field is independent, in the first approxi-
mation, of the number of particles which are being accel-
erated.

In rescnance accelerators, the electromagnetic field has
to be synchromized with the movement of the particles
(this is of particular importance in linear accelerators),
Finally, none of the existing methods permits the accel
eration of neutral bunches of particles.

A new principle of particle acceleration is set forth
below. Its distinctive feature lies in the fact that the
particle-accelerating electric field is produced by the
interaction of 2 geometrically small group of accelerated
particles with another group of charges, plasma or an
electromagnetic wave. This method has a number of
important features. Tt appears, in the first pldce, that the
magnitude of the accelerating field produced by this inter-

actinn and ontine an ook aostinle demaemds mo T oo B

Theoretical studies of various aspects of the coherent
aceeleration method have been made by M. S. Rabinovich,
A, A, Kolomenski, B. M. Bolotovski, L. V. Kovrizhnikh
and L. V. Tankov, as well as by A. I. Akhiezer, Ta. Fainberg
and their collaborators. The ealculations made by these
theoretical workers shed light on a number of complicated
problems connected with the development of the different
variants of this new acceleration principle, and it therefore
seems appropriate to describe the new method despite the
fact that a great many problems involved still await solution.

L. deceleration of charged bunches by means af the
mediur

It was pointed out in a paper by Tamm that the loss of
energy by particles due to Cerenkov radiation could ke
reversed, fe. the medium travelling at a great velocity
past charged particles should be able to convey Energy to
the latter. Up io now, however, no attention has been
paid to the possibility of developing an acceleration process
of this kind by using a high density electron beam (plasma)
as the moving medium. OFf course, if & singls charge e is
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Prehistoric activities (1973-75,...84) ¢/
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Professor N. Rostoker

Coliective ion acceleration by a reflexing electron beam: Model and scaling
F. Mako
Naval Research Laboratory, Washington, D. C. 20375
T. Tajima
Institute for Fusion Studies, University of Texas, Austin, Texas 78712

(Received 21 June 1983; accepted 2 April 1984)

Analytical and numerical calculations are presented for a reflexing electron beam type of
collective ion accelerator. These results are then compared to those obtained through experiment.
By constraining one free parameter to experimental conditions, the self-similar solution of the ion
energy distribution agrees closely with the experimental distribution. Hence the reflexing beam
model appears to be a valid model for explaining the experimental data. Simulation shows in
addition to the ag with the experi | ion distribution that synchronization between
accelerated ions and electric field is phase unstable. This instability seems to further restrict the
maximum ion energy to several times the electron energy.

I. INTRODUCTION chronous fashion. Thus, energetic ions would be expected.

Experiments on collectively accelerating ions utilizing ~ 1be ion energy would, of course, be bounded above by the

areflexing intense relativistic electron beam in a plasmahave 100 to electron mass ratio times the initial electron energy;

been carried out."? These experiments began to reveal sever- that is, the energy is bounded when the ions reach the initial
" P PR DU .

Collective acceleration suggested:
Veksler (1956)
(ion energy)~ (M/m)(electron energy)

Many experimental attempts (~’70s):
led to no such amplification
(ion energy)~ (several)x(electron)

Mako-Tajima analysis (1978;1984)
sudden acceleration, ions untrapped,
electrons return, while some run away

— #1 gradual acceleration necessary

— #2 electron acceleration possible
with trapping (with Tajima-
Dawson field), more tolerant for
sudden process



Path once trodden

Collective acceleration
of ions by electron beam
F.Mako / T. Tajima

lons left out, while electrons
shoot backward

— laser electron acceleration
(1979)
— laser 10n acceleration of

limited 10n mass
(2009)

The ehectric fisld is
Bo 3 (6 L}
gt 36 W3 vt
where the conservation of energy was used & a boundary
condition, i.e..

UYZ4dp=0 m =0,
The maximum ion energy can now be obiained by setting
m, =0, e,

B = gy At £ = 6/V3

In the experiment the diode voltage was 0.8 MV and the
ions were doubly ionized helium.” thus the maximum ioa
energy predicted by theory is

Eipe = 906 MeV .

The caperimental resalt® for the maximum helium ion
encrgy was 9.6 MeV and therefore is in good agreement with

&=

the theory.
The ion number as a function of energy is caleulated to
be
152 E 1726
Nm:ﬂﬁi LA [:—'— ] .
[T 8 (5) ad 1135}
where
=16 Jod (L'
Rl S (eau) :

A=y {Ling ),

A=, r,=-clectron beam radius ,
amd

= g™ )1

Equation (15 is oar main resalt. The natucal logarithm
of Eq. {15} is ploned in Fig. 2 along with the experirmental
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data. The following experimental walues were used: J, = 40
kA, dy = 0LEMV, g = 2¢|doubly ionized helium), ¢ = 100ns
andd ry, = 1.5 em. The agreement between Eq. (15 and the
experiment”® is reasonable, The relation in Ref. 3 does not
provide such o good At it has 1o weak o slope,

narwatioworld.de

L SCALING AND ACCESSIBILITY OF THE MODEL

In the preceding section, the analysis assumed that a
self-similar state could be reached. To address the guestion
of whether a self-similar state can be attained, a detailed
analysis of the initial value problem is required. This detailed
analyss should include & self-consistent treatment of the dy-

ELECTRON PHASE SPACE [TIME b e Siay,]

¢ BEAM ELECTACNE fad

“— FLafdd ELECTROME

. " . .
1 ® * 12 )
% tin gm

108 PHAST SPACE [ TIME 1+ Sfagy)

T T T T

}A o
LY r — e

|

|

3
x Limemk

ELECTRIC FIELD vE
DISTANCE FROM ANODE (TIME 1 " 5 Faipgd
- ELT] ey T T T T T

icl

—a 2l

=p oo} "

fozaf |

ELECTRIC FIELD,
ElwiCD®Yfem]

EX-Er g

L= Ak
tamey 1) [] £ L ]

X lin eml

FIG: 1. Simulation phese space at ssly time £ = 5/, . |2} Electron phase
spacy (beam and plasma). (b) kom phiss spece, 2 dectron field versos posi-
thom

F. Mejo and T. Tajima 1848



v i}

Example of solid target(ca.1999)
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'A few hundreds MeV protons and GeV Al are generated N
by petawatt laser with the Al foil coated with hydrogen.

100TW 1PW
Lﬁiifr a, =10 a, =30
a,, =69 i
energy
Al'"(112nm) conversio 21% 31%
culster n
6% 14%
H* (8nm) ion;
solid 15% 17%
electron;
peak
(average)
energy
0.4GeV
H'; -
(-) (115MeV)
Al (-) 2GeV
(430MeV)
electron; 1.5MeV
20MeV

Tajima: LLNL (1999)



Toward Less Sudden Acceleration(ca.1999)
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Energy conversion and acceleration of particles is
strongly dependent on the state of the thin foil surface.
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B AI'(56nm) |AI"™(2240nm) |AI"*(112nm)
a, =30 target type |sgolid gas culster
a,, = H' (28nm) |[H' (28nm) H* (28nm)
1 PW Laser solid solid solid
Intensity;
electron density energy g
A ot | 2a% 50% 31%
soild ; cm .
(416ng) o 8% 4% 14%
gas ;1.5*10%c¢cm* electron; 16% 46% 17%
(10.4n¢)
culster;3*10%cm? peak
(208n¢) (average)
energy
H
soild ; 4.6"10%cm™ H*; 0.4GeV 0.2GeV 0.8GeV
(31.8n¢) (95MeV) (58MeV) (115MeV)
Al'™; 2GeV 1GeV 2GeV
ne: cut off dEﬂS“}" (500MeV) (130MeV) (500MeV)
1.4*10%cm? electron; 15MeV 25MeV 20MeV
Patent (Tajima) : submitted from LLNL (2002); granted (2005)



Recent breakthroughs L;f
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From'incoherent (or heating) of electrons

to Coherent drive of them

l l

CAIL (Coherent Acceleration of lons by Laser)

TNSA (Target Normal Sheath Acceleration)

Laser
(circ. pol.)
lons

Electrons

Target

b Taiima et al.. 2009
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Comparison of the phase space dynamics:

N UHVE rtoward more Adiabatic Acceleration . |

TNSA (metallic boundary)
a) b) e . .
7 lon trapping width:
7 I .
// X / e) ' ¥ -I. y P
thick target /ﬁ ii /‘—:} 7
(not moving) X e _,|
11 b S
c) d) Vi ii AR
i) X
- i
N/ -
- CAIL (with CP)
target moves
thin target

Rev. Accel. Sci. Tech.
CAIL (Tajima, Habs, Yan, 2009)
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Optimal Thickness Scaling

Normalized thickness o ~ a,

LLNL55 (Mev) a=eE/m,ac
(T.Esirkepov et al.2006)
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Recent Experimental Breakthroughs Q*
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Leadership Nanometer target:
by Dieter Habs DLC

Sharp contrast laser
LMU, double plasma
MPQ, mirrors
Max-Born Institute
LANL, |
RAL,
PMRC More coherent

electron dynamics
in o ~a,




?ecent experiments in CAIL Regime!
7V Y-\

_
£is

Ultrathin film : 0 =a, , where o =dn/An_(£=0/a,)
High laser contrast: not to destroy ultrathin target

max. ion energy (MeV / u)

$1l

|5

I o I+ |ill'l.
_g H circ.
wilie lin
| :. h’n. . C6+ C°I:C
IO __TF: ) .‘ bv;-;&j':;: ............... I '
L """'"'"-"-"-".".;-.;'.'.°.'.;.-.;.-.-r~ ........
'%‘ ............................................................................
[ ] 5" ....................................................
W) e
TrlaRs LR e
00 5 10 15 20 25 30 35 40 45 50

target thickness (nm)

MAP + MBI

(Henig et al, 2009;

Steinke et al.)
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Conversion efficienc

y of laser to ion energy’

Two orders of magnitude higher efficiency in CAIL

Laser—ion energy
conversion efficiency [%]

100

10

0.1

0.01

| | I | | I | I
| 5X1 019 chmZ NOVA 3X1 020
n + 6x10'° _
RAL 2x10%°
— 7x101° —
i AS‘Tl‘RA 1x101° ]
- 7x10'8 .
— >k thin foil RPA . 7
~ 2x10
K thick foil TNSA
| | | | | | | |
10 100 10° 104

Laser pulse duration [fs]
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Tajima, et al
(2009)

Conversion efficiency of laser energy to ion energy comparing results

from thick targets and the TNSA mechanism to measurements with
ultra-thin targets in the regime of CAIL (red diamonds and line).
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Maximum energies of ions

.I‘_"IFQI
VY-V LMU
1000 l ' [

=) 10" W/iem? 4

>

() _|

=, 10%°

— 100 =

(®)] _

0 10"

(0] _|

C

2 10 RAL 2x10% -

= i

3 " protons, TNSA _|

£ 1 8 x protons, nm foil —

2 10 o

S e carbon, nm foil )

~ m carbon, cluster - Tajima et al.

0.1 I | I | | I (2009)

10 100 103 10*

Laser pulse duration [fs]

Fig. 11. Maximum cutoff energies of ions given in MeV/u as a function of laser
pulse duration. The energy gain by CAIL experiments is embedded with red dots
in the predicted curves of TNSA. Note that in shorter pulses, energies by CAIL are
more than an order of magnitude higher than TNSA.
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Laser -Thin Foil Interaction

X.Yan et al., 2009



oward monoenergy spectrum

7V |-
. Clrcularly polarized laser irradiation

more adiabatic acceleration— more monoenergy

carban ion number Mey’ mar

T M

=Ty} TE—— 5 . -
30 —— .. -
40 T

anergy (Me') 50 B0 1

Carbon spectrum for three consecutive shots using circular polarized light
at 5 *10"9 W/cm2 and a DLC foil target thickness of 5.9 nm

|
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Coherent electron dynamics

Electron dynamics from thin foil: 3 clear patterns
Expanded target

1804
120 .

o
S
1

-120-
-180-

Electron divergence angle

Laser
laser transmitted 1

F

g 3.5,_ -ii
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Characterlzatlon of coherent dynamlcs of electrons!

3
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Energy Gain in Laser lon acceleration: CAIL (Coherent (#

\7 Acceleration of lons by Laser) regime HEQ
e 4 UHVS oo

* When electron dynamics by laser drive is sufficiently
coherent, with coherence parameter a of electrons, the
ilon energy in terms of electron energy is :

wwatatioworld.de
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Smax,i = '::2":]" - 1:' Q =0 lon energy

(the more coherent the electron motion, the higher the ion energy)

~ - . Electron energy =
co = me? (\fl + a2 — 1) gy

ponderomotive energy

Emax,i — ':2& + 1:' Q::D ':fl :' (li]- + wr 1 ]1__.-“:211-+1 — 1)

o maximizes at £ = 1
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G CAIL Theory Prediction

- CAIL (Coherent Acceleration of lons by Laser) theory has definitive
prediction of max energies

Theory E<10

600 4 ==®=: Theory £310

400 Tajima et al. (2009)

2004

S energy (Mel)

0

0 100 200 300 400 500 600
thicknessinm)
For the case of LANL

experiment prediction (relative long pulse with nm targets)



Ponderomotive Bucket Formation

I'I
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7V
Gradual dynamics A a) Compressed
. ele y
of the ponderomotive Electron depletion /
bucket n R -
pO| y
n, e, ..
n ‘v‘, EX2
Ponderomotive
Force -

Electrostatic
Trapping of ions

Yan et al. (2008)



)

wwatatioworld.de

Synchrotron oscillations in the bucket *.
AT LMU
Laser drives accelerating bucket,
more adiabatic trapping structure
0.14 a) Pl Hed b) =T
&n 12 f,.-;,;’f\ "'} e 4 :'""" : -.""ﬂ.l-‘
D.10 _,.--""f/ di el <@_?‘
0-0% 3 10.5 106 9,1151 z s e
M ' B
0.35- c) w3s7, 12U, d:]
=5 et = ED
030] SN sl Yan et al.
'**«.?;@fﬁa} Z40 L (2008)
0.25 B 0. | -
140 1441 142 143 0.3 0.4 0.5
i v—1

Monoenergy spectrum

(a,b,c)Evolution of phase space distribution for protons, the 1st,
2nd and 3rd oscillation period are 8, 8 and 10 T respectively.
(d)Energy spectrum of protons.



Circularly polarized laser driven
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CP laser drives ions out of ultrathin (nm) foil adiabatically

Monoenergy peak emerges

1000

8

uone|ndod uoj

5 10 15 20 25
energy with angle selection{Me\)

[=]

[a—
7
O
an
l

(X. Yan et al: 2009)

30

Bucket trapping ions

|
| /g '; “ Vi

.-..-.
2 =

s o=
=

L ;p-.‘

b r
ooz 3 F
ﬁf
oo
[ 2

3 31 3% 33 34 35 3B 37 s am
L

wnuwswow uoj

Vi, tr = C‘/_(aOm/ M)

Ponderomotive force drives electrons,
Electrostatic force nearly cancels
Slowly accelerating bucket formed
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P ase space of carbon ions in 2D
Ay LMU
Trapped in the bucket Bucket breaks down by runaway e-
o ' ] 0.1 | " l ]
a) : ®) /
px ﬁ px s
A e
. :“f.‘ %ﬁﬂd
I AN é ”
X /h, 52 X /A,
t=28T, t=40T,

Longitudinal phase space of carbon ions in 2D simulations. (a) Stable bucket
structure of synchrotron oscillation; (b) Collapse of the accelerating bucket
when the plasma becomes hot (due to the bending of the target)

ww.almwurld dl-
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;‘oward more adiabatic acceleration(4)
7V Y9 LA

The more adiabatic, the longer accelerated, the higher energy

Energy by CP tends to increase as ~ a,?

1000-
‘ 1PW
—~ 800- —a— CP
> | -+ -LP
= 600- 7
S 1 100TW < 7
3 400- //
LIJ | ////
X 2001 o
= 1
0o~

O 10 20 30 40 50 60 70 80
Normalized laser amplitude a,

wwatatioworld.de



M onoenergetic electron bunch =
NN

Ultrathin (2nm) foil irradiation drives monoenergetic electrons
CP

x 10°

oo

on oy o~

i =N

MAP + MBI

particles (MeV"™ ' msr™ )

(o8

P

(Kiefer et al, 2009)

Y
T

N

| - | | .
20 40 60 80 100
energy (MeV)

=]
o
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Adiabatic (Gradual) Acceleration 2

7V Y-\ - mn
Accelerating structure
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Inefficient if
suddenly
/ accelerated

protons 1 | |
l Accelerating structure (cf.human trapping width:
Y l -\ Vir.human ~ Tm/s << Cs)
N O = T/
F— Efficient
: O )= ® when
gradually
accelerated

Lesson #1: gradual acceleration — Relevant for ions
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Adiabatic acceleration (2) M
7 } 4" LMU
Thick metal target
Most experimental
: g_, c configurations of
® © proton
] acceleration(2000-2009)
|
laser protons electrons
Innovation (“Adiabatic
Acceleration”)
S o (2009-)
e&-» ©e——. = Methodto make the electrons
S © within ion trapping width

slow

However, in ELI automatic

Graded, thin (nm), or clustered Vir ion =~ C v é ao(mM) ~c
target and/or circular polarization (ultrarelativistic a, ~ M/m )

wwatatioworld.de
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An optimization toward adiabatic acceleration
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MPQ
A RS LMU
Laser Pulse Conditions llas |
a, = :
[ndl i A
aA. = — pl
0
nA n,A
llaS,J_ =V ﬂ“R
Adiabatic laser-plasma interaction
&~ @ (x)
v (x)=c _ _
4, 1/2
m, x( R
n(x)=n,exp| -
m, A\ A

(Tajima, Bulanov, Esirkepov, 2007)
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A Relativity Helps Acceleration MPQ
PN 1] P ) _ LMU
(for Ions, too!
Extreme Field Science
Ultra-calativistic Regime: " Strong fields:
charged particies move with photons rectifies laser
R RS EE I o< i to longitudinal
| fields
TeV | 2 ;l: 2 Te¥ ..:
3 ooy 7~ o o In relativistic regime
. gime,
oouey : = ooy photon x electrons
o A and even protons
A couple stronger.
e e en e e
S laser (a2 Normalized laser intensity
T
=a, a, >>1 a,~L5 | A )| 1
i_Hv V o e (Tajima, 1999
=al @LLNL,
rpmp— d —— Esirkepov et al.,

PRL,2004)

wwatatioworld.de
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Monoenergy beam from double layer target
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A/l S B

Double layer target (metal layer with smaller
hydrgen (or light Z metarial)

ﬁ' Esirkepov et al.(2002)

R|3



Laser Piston (radiation pressure) Acceleration &
NV LMU

Radiation dominant regime

Esirkepov et al. (2004)

m.itlmﬂ:l.dl



}w v Nanostructured target

(Habs, 2009)
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Background gas (He)

CO, cluster

o 0 o

Probe Laser

Three-step
conical nozzle

Main laser t

Target gas:
60-bar He(90%) + CO, (10%)

Cluster Target Irradiation

Y. Fukuda et al. (2009)

|3 .
el | :
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) grder of magnitude energy gain
7V |-

LMU

With a modest (140mJ) laser, to go beyond 15MeV/nucleon by cluster

g 10} x 15 Wi

5 1 E a0 h

E w1y , g « |

= f1 N, I

g e 3 o4l e

- o 20 40 &0

= - Fligh Tirms [ns)

E G g

E - i

2 10 5 I .
g 10 15 20

o Ensegy (MaVIL)

FI(i. 3{oolor onbine)l. The ion energy specinum chizined by the
TOF method The inset shows TOF specium ohimined in one
lamer shot winch remsiers 15 MeWV/u xn sgmal A satmoted
sigmal around the flight @me fr=— 5 15 camsed by hard x mys
emitial from e beer-cluster mierachion Egon

Fukuda et al. (PRL 2009)

target
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(b)

Off-axis
parabola
4 -
. Z

to shadowgraph
imaging optics

g, Z=0.7 mm

1.3 mm ' | 2 mm I 'ﬁ_
Orifice output

AXx =6.5mm

Laser beam
—)

18.627 8  18.627A _
Faenov et al.. 2009 Fig.15




(b)

f(v)*10’

1E-3

0.1

Cluster ions

CR-39 (Side)

strongly energized

T um C;H Toil

wwatatioworld.de

Off-axis
Laser beam parabola
FSSR
(Side)
1 um C,H, foil
_20Q 1Q0 1.0 1.0 10.0 2lOO 20Q 1QO 1.0 1.0 10.0 2lOO
: E, (keV) f E, (keV)
~  0.14
‘C_> 3
Front * ]
& Side 5’ 1 Front
0'01'5 Side
1E-3-

-0.006 -0.003 0.000 0.003 0.006
v/c

.0.006 -0.003 0.000 0.003 0.006
v/c

Faenov et al.,
2009

Fig.11



Laser-carbon cluster interaction

LIVIWF &

lon energy

~ pulse length

(laser energy)

L a2
VN 4
4 2.5x10 T
1 1
—Total
a =4 et Field 1 l
— ) \
0 i - __:.Eon : yal -
| |
15x10 ! I I
e | |
S,
2 |
[
S ixto * :
|
510 ° I

De 100.05 [Isec)

L] 25 al 76 102

EI.I]I]EJrI]EB.SEEJrZZE.E?EJZ{ZZ .00e+23

[ [ W [1/em3]

/ ‘

De 300.15 [Isec]

400 600 800
Time [fs]
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0 25 al 76 102 127
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[1/em3]

1000 Kishimoto (2009)
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Maximum energy vs. laser intensity

4 V""'F"“""‘ RTTL
wergrvea Cluster target scaling
25x10 — N »
- <@ Energy [keV] ¢
210 ° : Consistent to the
2 Theory by
30 P Yan et al. (2009),
5 i though it is based

on thin film case

5x10 ' /J'
'S Enay = (2 +1)041+a]

1 2 3 4 5 6 7 8
Pulse Strength a
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Distribution f(Ei)

Ion Energy spectrum r=125 ¢/ m

1x10

1x10

1x10

10

1x10

1x10 "2

10 100 1000 10
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Ion Energy vs. Cluster Radius

W =

“Cluster target scaling: ion energy ~
1/(cluster radius)
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Toward Compact Laser-Driven lon
v Therapy

PET or yray image of autoradioactivation
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Laser particle therapy (image-guided diagnosis—irradiation—dose verification)
targeting at smaller pre-metastasis tumors with more accuracy
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January 20, 2010: “Relativistic Engineering”
February: “High Field Science”

March: “Photonuclear Physics”

April: “Medical Applications”

Merci Beaucoup et a la Prochaine Fois!



